We study the radial acceleration relation (RAR) for early-type galaxies (ETGs) in the SDSS MaNGA MPL5 dataset. The complete ETG sample show a slightly offset RAR from the relation reported by McGaugh et al. (2016) at the low-acceleration end; we find that the deviation is due to the fact that the slow rotators show a systematically higher acceleration relation than the McGaugh's RAR, while the fast rotators show a consistent acceleration relation to McGaugh's RAR. There is a 1σ significant difference between the acceleration relations of the fast and slow rotators, suggesting that the acceleration relation correlates with the galactic spins, and that the slow rotators may have a different mass distribution compared with fast rotators and late-type galaxies. We suspect that the acceleration relation deviation of slow rotators may be attributed to more galaxy merger events, which would disrupt the original spins and correlated distributions of baryons and dark matter orbits in galaxies.
INTRODUCTION
reported a correlation between the radial acceleration traced by rotation curves and that predicted by the observed distribution of baryons in a sample of rotation-supported disk galaxies, which is usually referred to as "radial acceleration relation" (RAR). Later, Lelli et al. (2017) extended this relation to the early-type galaxies (ETGs) including ellipticals and lenticulars, and dwarf spheroidals (dSphs). Although the relation scatters are relatively large in ETGs and dSphs, the different populations of galaxies follow virtually the same RAR. In general, the RAR reveals that the mass distributions of baryons and dark matters are tightly correlated, and may be independent of galactic classification.
However, note that the RAR was primarily obtained from rotating galaxies, but lack verification for a statistically robust sam-E-mail: rongyuastrophysics@gmail.com ple of dispersion-supported galaxies. In the sample of Lelli et al. (2017) , 17 ETGs are rotating lenticulars or disky ellipticals, while only 8 X-ray ETGs are approximately classical pressure-supported ellipticals. Recently, Chae et al. (2017) found that the nearly-round, pure-bulge elliptical galaxies do not follow the RAR, by studying the radial accelerations of ∼ 7000 Sloan Digital Sky Survey DR7
galaxies. Yet their sample should also include many face-on prolate or oblate rotation-supported ETGs. Later, Bílek & Samurović (2017) investigated a small sample of 15 ETGs, and found that only the 4 fast rotators follow the RAR for the disk galaxies. However, their fast rotators are disky isophotes, appear very elongated, and might be spiral galaxies which lost their gas, suggesting that their results may not be a representative for all of the ETGs. Indeed, whether the RAR for the disk galaxies is also universal for ETGs is still under debate.
The Sloan Digital Sky Survey Mapping Nearby Galaxies at Apache Point Observatory (SDSS MaNGA, Bundy et al. 2015 ) is the largest integral-field spectroscopy (IFS) survey covering about c 0000 RAS arXiv:1712.06684v2 [astro-ph.GA] 1 Mar 2018 10 000 large, nearby galaxies with a median full width at half maximum (FHWM) of PSF of ∼ 2.5 , and can provide well-resolved and high-quality stellar and gas kinematic maps and enable us to study the total mass distribution from dynamical modelling and stellar mass distribution using stellar population synthesis (SPS) predictions. The field-of-view of MaNGA covers a 1.5 − 2.5 effective radius range, which allows us to study the mass distribution from the galaxy cores to the halo regions. The current Fifth MaNGA Product Launch (MPL5; Abolfathi et al. 2017 ) released 2778 galaxies of both the early-and late-type galaxies, which permit us to precisely test the radial accelerations of baryons (g bar ) and total masses (g tot ) of the ETGs.
In this work, we study the RAR of ETGs. In section 2, we select the ETG sample from the MaNGA MPL5 catalog, and estimate their total and stellar masses from Jeans dynamical modelling and SPS, respectively. In section 3, we test the correlation between the radial accelerations of the total and baryonic masses of ETGs, and compare the acceleration relations of slow and fast rotators. We discuss the results in section 4. Throughout this letter, we use a ΛCDM cosmology with Ω M = 0.272, Ω Λ = 0.728, and H 0 = 70 km/s/Mpc, use "dex" to mean the anti-logarithm, i.e. 0.1 dex=10 0.1 =1.258, and use log to mean log 10 .
2 THE DATA
ETG sample selection
The MaNGA MPL5 spectra are extracted by using the official data reduction pipeline (DRP, Law et al. 2016 ), and kinematical data are then extracted using the official data analysis pipeline (DAP, Westfall et al. in prep) . See the references for more details about the MaNGA instrumentation (Drory et al. 2015) , observing strategy (Law et al. 2015) , spectrophotometric calibration (Yan et al. 2016a) , and survey execution and initial data quality (Yan et al. 2016b) . In order to obtain the stellar kinematics, the data cubes are spatially Voronoi binned (Cappellari & Copin 2003 ) to a continuum signal-to-noise ratio S/N=10. In each spaxel, the stellar line-of-sight velocity V s and dispersion σ s are calculated from the spectrum. For each galaxy, the kinematic major axis of the stellar component is then obtained by using the fit kinematic pa software (Krajnović et al. 2006) . We search the NASA-Sloan Atlas catalog 1 (NSA v1 0 1, Blanton et al. 2011 ) to obtain the galactic K-corrected rest-frame magnitudes, colors (e.g., NUV-r, g − r), r-band Sérsic indices n, and stellar masses M . The ellipticities are obtained by using the find galaxy software (Cappellari et al. 2006 ) to fit their r-band images.
Since we are interested in whether the acceleration relation changes with galactic spins, we calculate the dimensionless spin parameter λ defined in Emsellem et al. (2007) to distinguish fast and slow rotators, i.e.,
where F i is the flux inside the ith bin, R i is the distance of the ith bin to the galaxy center, and V s,i and σ s,i are the mean stellar velocity and dispersion in the ith bin, respectively. λ/ √ can assess 1 http://www.sdss.org/dr13/manga/manga-target-selection/nsa/ the galaxy rotation, e.g., λ/ √ > 0.31 corresponds to a fast rotator (Emsellem et al. 2011) . Their stellar mass distributions will be inferred from SPS models with a Salpeter (1955) initial mass function (IMF), and their total mass distributions will be obtained from Jeans anisotropic modelling (JAM; Cappellari 2008). The gas mass can be evaluated from the relation between the cold gas-to-stellar mass ratio (G/S) and color, as well as axial ratio (Eckert et al. 2015) , i.e. log G/S=−1.002×(3.563(g−r)+0.534(b/a))+1.813. This relation is robust for the galaxies with 3.563(g−r)+0.534(b/a) < 2.6, and G/S is negligible for the galaxies with 3.563(g − r) + 0.534(b/a) > 2.6.
ETGs are selected with the following criteria: 1) we remove a galaxy if there are less than 300 Voronoi bins with S/N 10;
2) the mergers, irregulars, and strong barred galaxies are removed;
3) the kinematic center of a galaxy coincides with the centroid of the stellar distribution; 4) morphology: the Sérsic index of each ETG is n > 2.5; 5) ellipticity: since the total mass from dynamic modelling can not be accurately recovered if ∼ 0 (Lablanche et al. 2012), therefore, we remove the galaxies with < 0.2; 6) color: a typical ETG should be red, passive, and lack of star formation (i.e. lack of gas). The near-ultraviolet band (NUV) is a better indicator for star formation, compared with the optical bands; we only select the galaxies with colors of NUV-r > 3.7; 7) G/S: we remove the gas-rich galaxies with 3.563(g − r) + 0.534(b/a) < 2.6.
Finally, 600 ETGs are selected, and the distributions of their M and λ/ √ are explored in Fig. 1 .
g tot from the dynamical modelling
We perform JAM for all the sample galaxies. The modelling allows for anisotropy in the second-velocity-moments, and provides accurate (∼ 10% − 18%) and unbiased estimates of the total mass distribution as tested in Li et al. (2016) . We first use the MultiGaussian Expansion (MGE) method (Emsellem et al. 1994 ) with the fitting algorithm and Python software 2 by Cappellari (2002) to fit the SDSS r-band image, and then deproject the surface brightness to obtain the luminosity density by assuming an inclination. The deprojected stellar luminosity density is used as the tracer density in the modelling. Similar to the equation (2) in Poci, Cappellari, & McDermid (2017) , we assume that the total mass density is axisymmetric and follows
where z-axis and R denote the symmetric axis and radius in the zplane, respectively, and l = R 2 + z 2 /q 2 is the elliptical radius; q, l s , and ρ s are the intrinsic axis ratio, scale radius, and density at the scale radius, respectively; γ is the inner slope. The model has six free parameters: (i) inclination, (ii) velocity anisotropy, β z , (iii) l s , (iv) ρ s , (v) γ, and (vi) q. Running JAM within a Markov-Chain-Monte-Carlo framework (emcee 3 , Foreman-Mackey et al. 2013), we obtain the best-fitting parameters which give the best model matching the observed second-velocitymoment map. The g tot (R) on the equatorial plane (i.e. z = 0) is then calculated from the JAM estimated total mass distribution.
g bar from stellar population synthesis
For each galaxy, g bar (R) is calculated from the 3-dimensional (3D) stellar mass distribution constructed by deprojecting the 2-dimensional (2D) stellar mass surface density which is calculated from the 2D light distribution from the MGE and stellar massto-light ratio M /L map from SPS models, using the inclination derived from the best-fitting JAM parameters. We first use the ppxf (Cappellari & Emsellem 2004; Cappellari et al. 2017 ) with the MILES-based (Sánchez-Blázquez et al. 2006) SPS models of Vazdekis et al. (2010) , to evaluate M /L in each bin. The Salpeter (1955) IMF and Calzetti (2000) extinction laws are assumed. Before spectrum fitting, the data cubes are Voronoi binned (Cappellari & Copin 2003) to S/N=30. Following Li et al. (2017a) , the stellar mass-to-light ratio in the i-th bin is calculated as
where M j , L j , and w j are the stellar mass, r-band extinctioncorrected luminosity, and weight of the j-th template from ppxf fitting (Cappellari et al. 2013) , respectively. After obtaining the M /L map, we use the same manner described in section 2.4 of Poci et al. (2017) to construct the 3D stellar mass distribution. The g bar (R) on the equatorial plane is calculated from the stellar mass distribution.
RADIAL ACCELERATION RELATION
For each galaxy, we exclude the accelerations in the innermost region (R < 3 arcsec), since the enclosed mass distribution cannot be accurately contructed due to the limited spatial resolution. We then uniformly generate 20 − 60 sets (depending on the observed radius range; on average about 40 sets in one galaxy) of (g tot , g bar ) from R = 3 arcsec to the observed maximum radius of a galaxy. The g tot and g bar for the complete sample of ETGs are shown by the blue density distribution (a bluer shading indicates a larger number of points in this region) in panel A of Fig. 2 . The median g tot and 1σ scatter in each log g bar bin are shown by a red square and corresponding error bar in panel A, respectively. We then fit the points of the complete ETG sample with the equation,
where g † is the fitting parameter (McGaugh et al. 2016 ). The bestfitting result, as explored by the red curve in panel A, well coincides with the median g tot . The fitting residuals and their distribution are also shown as the blue density distributions (the red squares denote the median residuals) in panel B and inset in panel A, respectively. We find that the fitting result is robust. For comparison, the RAR obtained from the rotationsupported disk galaxies and its 1σ scatter, as reported by McGaugh et al. (2016) , are also highlighted by the green solid and dashed components, respectively. We find that the best-fitting result is slightly higher than McGaugh's RAR for disk galaxies at the low-acceleration end. In order to test whether the difference is due to the dispersion-dominated ETGs, in panel C of Fig. 2 , we plot the acceleration relations for the slow rotators with λ/ √ < 0.31 (yellow) and fast rotators with λ/ √ > 0.31 (orange), respectively.
The slow and fast rotators occupy about 24% and 76% of the complete sample, respectively. Their median g tot (colored circles) and 1σ scatters (colored error bars) in the log g bar bins, and best-fitting results (colored curves) with Eq. (4) are also shown by the corresponding colors in panel C. In panel D, we plot the differences of the median g tot (colored circles) and fitting results (colored solid curves) from McGaugh's RAR, for the two samples. We find that there is a modest deviation between the acceleration relation of the slow rotators and McGaugh's RAR. The acceleration relation of the slow rotators is offset towards higher g tot values relative to McGaugh's RAR at a given g bar ; at the lowacceleration end log g bar −10.0, the median g tot of the slow rotators is about 0.2 dex higher (with a 1 σ scatter of ∼ 0.2 dex) than McGaugh's RAR, while the deviation tends to decrease with increasing g bar . Yet the acceleration relation of the fast rotators is approximately consistent with McGaugh's RAR. There is a difference between the acceleration relations of the slow and fast rotators at about 1σ significance in the range of −10.0 < log g bar < −9.0, e.g., at log g bar ∼ −10.1, the median log g tot of the slow rotators is about −9.7 +0.2 −0.1 , yet the fast rotators have log g tot ∼ −9.9 +0.2 −0.3 ; at log g bar ∼ −9.2, the median log g tot of the slow and fast rotators are −9.1 +0.1 −0.1 and −9.2 −0.1 + 0.1, respectively; therefore, the median log g tot of the slow rotators lie outside of the 1 σ scatter from the median log g tot of the fast rotators, and vice versa. The modest RAR deviation of the slow rotators suggests a correlation between the acceleration relations and galactic spins, and possibly implies that the slow rotators may have a different mass distribution compared with fast rotators, dSphs, and LTGs.
In panel C, we also plot the log-linear fitting result (i.e. log[(g tot − g bar )/g bar ] = −0.93 log[g bar /g 0 ] − 0.08, where g 0 = 1.2 × 10 −10 m/s 2 ; shown as the magenta component) obtained from the nearly-round, pure-bulge elliptical galaxies by Chae et al. (2017) . The acceleration relation of the slow rotators in this work deviates from McGaugh's RAR more significantly than the finding in Chae et al. (2017) , which may be due to the fact that the sample of Chae et al. (2017) includes many nearly-face-on fast rotators.
DISCUSSION
In our work, g tot is obtained from JAM, in the sense that an ETG is assumed in equilibrium. Note that a typical ETG is gas-poor, and the stars are collisionless and thus less susceptible to perturbations, therefore, the assumption of equilibrium should be reasonable for the ETGs. g bar depends on the assumed M /L, and thus is susceptible to the IMFs, stellar ages, and metallicities. For the ETGs with large velocity dispersions, it is better to assume a Salpeter IMF rather than a Kroupa (2001 ) or Chabrier (2003 IMF (e.g., Thomas et al. 2011; Cappellari et al. 2012; Dutton et al. 2012; Li et al. 2017a ). Here we show the pixel-to-pixel stellar-to-light ratios of several ETG examples. As shown in Fig. 3 , the blue points show the stellar-to-light ratios, (M * /L) i , from SPS in the different Voronoi bins (in the r-band). We also calculate the median M * /L(R) in each radius bin (shown as the black points), which is used to estimate the distribution of the stellar mass of an ETG in this work. Note that the trends of our radially variable stellar-to-light ratios are similar to the results of ETGs shown by van Dokkum et al. (2017) . The 3D light and stellar mass profiles are also highlighted in Fig. 3 .
The acceleration relation scatter for the ETGs at the lowacceleration end is larger than the scatter of the rotation-supported disk galaxies, as explored by McGaugh et al. (2016) , yet all relations are in agreement within the large scatter of ETGs reported by Lelli et al. (2017) . We note that the large scatters of ETGs may be partly attributed to the intrinsic deviations of the acceleration relations between the fast and slow rotators.
The physical mechanism leading to the 1σ difference between the acceleration relations of the slow and fast rotators is unclear. We plot the distributions of the median M /L in the effective radii of the slow and fast rotators in Fig. 4 , and find that their distributions have no significant difference. We also find that there is no correlation between the median M /L and λ/ √ (correlation coefficient is close to 0), in the sense that the RAR deviation between the fast and slow rotators should not be attributed to the possible difference between the M * /L of the two samples. We also find that the stellar masses of the slow rotators are marginally higher than those of the fast rotators (as shown in the left panel of Fig. 1 ), which may suggest that the slow rotators have undergone more galaxy merger events (Cappellari 2016) . Indeed, galaxy mergers can disrupt galaxy spins (Penoyre et al. 2017; Li et al. 2017b ) and original coupled distributions between baryons and dark matter, plausibly leading to the deviation of the acceleration relation of the slow rotators. For instance, during a gas-rich major merger, the stars and dark matter of the binary show no or weak viscosities and quickly become equilibrium, yet the gas shows strong viscosity and thus needs a period of time to be relaxed, leading to a higher g bar in the relatively outer regions of halos, i.e. the low-g tot end. Another possible way is to kick stars from the central regions by binary supermassive black holes in dissipationless major mergers, which also lead to mass deficits in cores of slow rotators (Kormendy & Bender 2009 ). 
